The present study was conducted to determine the carbon (C) footprint of different aquaculture production systems in India. The total input (kg CE/ha) in different cultures, respectively, was 1,811 to 4,144 for scampi, 4,417 to 5,913 for polyculture, 4,090 to 8,873 for shrimp and 2,417 to 2,786 for carp. Of the total inputs, feed accounts for around 90% of carbon equivalent (CE), in all cultures. The output in different cultures, expressed on live weight basis (kg/ha) and on input basis (kg/kg), respectively, was 1,280 to 3,288 and 0.71 to 0.79 for scampi culture, 4,639 to 5,998 and 1.00 to 1.05 for polyculture, 2,130 to 5,436 and 0.52 to 0.61 for shrimp culture, 4,100 to 4,160 and 1.49 to 1.70 for carp culture. On the basis of output:input ratio, the carp (three species of Indian major carp) culture is more sustainable followed by polyculture (carp with scampi), scampi and shrimp culture, respectively.
INTRODUCTION
. Some data exist on the C footprint of crop production (Dubey & Lal ) . Boyd et al. () reported CO 2 emission for aquacultured channel catfish as 3.14 kg CO 2 /kg fish compared to aquacultured salmon as 2.45 kg CO 2 /kg fish. They also reported on the CO 2 emission for production of poultry, pork and beef with ranges of 3.5-4.6, 3.2-8.8 and 13.3-16 .5 kg CO 2 /kg meat, respectively. Mungkung () reported Adoption of recommended management practices for agriculture involves a judicious use of C-based off-farm or external input including operations and products (Pimentel ; Marland et al. ) . Production, formulation, storage, distribution of these inputs and application with tractorized equipment lead to combustion of fossil fuel, and use of energy, which also emit CO 2 and other GHGs into the atmosphere (Lal c).
Thus, an understanding of the emissions expressed in kilograms of C equivalent (kg CE) for different inputs is essential. Important inputs for aquaculture include feed and organic manures, fertilizers, water intake/ exchange, liming, etc. Accounting for these inputs is essential to identifying C efficient components in aquaculture practices.
Indian aquaculture industry has increased by 6.50%
over the last two decades since 1990, with freshwater aquaculture contributing over 95% of the total aquaculture production. The production of carp in freshwater and shrimps in brackish water comprise the major production systems. Three Indian major carp, namely catla (Catla catla), rohu (Labeo rohita) and mrigal (Cirrhinus mrigala)
contribute to the bulk of production with over 4.0 million metric tons (t) (FAO ); followed by silver carp (Hypophthalmic molitrix), grass carp (Ctenopharyngodon idella) and common carp (Cyprinus carpio) forming the second important group. Average national production from ponds and tanks has increased from 0.6 t/ha/yr in 1974 to 3.0 t/ha/yr by 2012-2013 (Anonymous ), with several farmers even achieving production levels as high as 8-12 t/ha/yr. The farming of giant river prawn (Macrobrachium rosenbergii), also known as scampi, has received increased interest in recent years, due to its high economic value. Annual production of over 13,000 t in 2010 (FAO ) has been achieved through the use of monoculture practices. In contrast, the development of brackish water aquaculture has been confined to a single species, Penaeus monodon, the scientific farming of which began during the early 1990s. The area devoted to shrimp farming extends to as much as 100,000 ha producing approximately 96,500 t, the majority of which is destined for export (FAO ).
Thus, the objective of this study is to assess the C footprints of aquaculture in India. Specific objectives of the present study are to: (1) assess the C emissions of predominant aqua farming systems; (2) evaluate their C-use efficiency; (3) compute their relative sustainability index.
MATERIALS AND METHODS
Field studies were conducted involving a total of 43 ponds in three different districts (Balasore, Bhadrak and Khordha) of Orissa in eastern India. These ponds had a mean depth of 1.2 m. Of the 43 ponds, 10 had shrimp (Penaeas monodon) culture using organic and inorganic inputs, 15 had prawn (Macrobrachium rosenbergii) culture, and 12 included polyculture using Indian major carp (catla, rohu, mrigal) and prawn. Of the 15 ponds of prawn culture, 10 were cultured with organic plus inorganic inputs while five were cultured employing organic inputs only. Of the 12 polyculture ponds, six were cultured using organic plus inorganic inputs, and the remaining six were cultured using only the organic inputs. Six ponds of Indian major carp culture were managed by using both organic plus inorganic inputs. and total biomass were determined. The MWT was calculated from total weight of 10 randomly selected fresh fish at harvest divided by 10. The FCR was calculated as total weight of dry feed applied divided by the total weight gain.
The survival rate was determined as 100 (final total fish number divided by the initial total fish number), and total biomass as final total fish weight per hectare of pond area.
The average survival rates of the carp and scampi were 92 and 88%, respectively, in the polyculture systems. The average survival rate of scampi was 75% while the average survival rate of shrimp was 77% in the present study. The organic fertilizer and feed samples were freeze-dried and pulverized to pass through a 0.85 mm sieve. An organic C (OC) input in the form of feed/organic fertilizer was Table 2 .
There are numerous ways to assess sustainability of a production system. In the context of the global climate change and anthropogenic emissions of GHGs into the atmosphere, however, sustainability of a system can be assessed by evaluating temporal changes in the output:
input ratio of C using a holistic approach:
where I s is the index of sustainability, C o is the output expressed in kg of produce in live condition, C i is the sum of all inputs expressed in C equivalent, and t is the time in years, which may range as a multiple of 25 years corresponding to one human generation (Lal c).
RESULTS AND DISCUSSION C equivalence of inputs
The CE of inputs in organically managed systems includes fermented rice, cow dung and feed. In addition to these inputs, organic plus inorganically managed systems include synthetic fertilizers, mainly urea and single superphosphate.
Lime (agricultural limestone) was added to all the systems.
Different practices involved in aquaculture systems are presented in Figure 1 .
In the prawn culture system, total inputs ranged from 1,811 to 3,253 kg CE/ha with an average of 2,695 kg CE/ha in organically managed culture. Among the total inputs, feed accounted for 86.8% of CE and organic fertilizers for 8.2% of CE in organically managed prawn culture (Table 3 ). The total inputs ranged from 2,146 to 4,144 kg CE/ha with an average of 3,408 kg CE/ha in organic plus inorganic culture. In the prawn culture, feed accounted for 91% of CE, organic fertilizers for 4.5% of CE and inorganic fertilizer accounted for only 0.4% of CE of total inputs. Lime accounted for 3.6% of CE of total inputs in organic-based prawn culture compared with 2.85% of CE of total inputs in the organic plus inorganic-based system.
In polyculture employing organic inputs only, total inputs ranged from 4,417 to 5,352 kg CE/ha with an average of 4,844 kg CE/ha. In comparison, the total inputs ranged from 4,605 to 5,913 kg CE/ha with an average of 5,252 kg CE/ha in organic plus inorganic culture ( Table 4 ). The feed input accounted for 92.2% and 91% of CE of total inputs in the organic, and organic plus inorganic-based system, respectively. Organic fertilizers accounted for only 4.3% of CE of total inputs in organic culture compared with 3.8% of CE in the organic plus inorganically managed system. Synthetic fertilizers accounted for only 2% of CE of total inputs. Lime comprised only 2.4-2.6% of CE for total inputs used in the polyculture system.
In the organic plus inorganically managed shrimp culture system, total inputs ranged from 4,090 to 8,873 kg CE/ha with an average of 6,027 kg CE/ha (Table 5) . Feed, inorganic fertilizer, organic fertilizer and lime accounted for 93, 0.3, 4.5 and 1.6% of CE for total inputs used in this system, respectively.
In organic plus inorganically managed Indian major carp culture system, total inputs ranged from 2,417 to 2,786 kg CE/ha with an average of 2,583 kg CE/ha (Table 6 ). The feed, inorganic fertilizer, organic fertilizer and lime accounted for 4.3, 11.9, 78 and 3.8% of CE for total inputs in Indian major carp culture, respectively.
Organic fertilizer (cow dung) was the main input in this culture.
In all these cultures, except major carp, feed was the main input and it accounted for more than 90% of CE for total inputs. The contents of N and P in feed and organic fertilizer (fermented rice straw and cow dung) were not considered in the calculation of CE of total inputs. In contrast to inorganic fertilizers, energy input is much less Table 2 .
The water intake in aquaculture system is done by sluice gate mainly through rain water, and only rarely by pumping water. Thus, energy input is almost negligible for water (CE) was 982 kg/ha for irrigated rice, 1,497 kg CE/ha for rain-fed rice and 2,738 kg/ha for rice-cum-fish culture. As urea is also used in aquaculture, the CE can be taken as output and considering the value 2,738 kg CE/ha as output in the carp culture system, the total output is 3,218 kg CE/ha.
Thus, output/input ratio is 3,218/2,541 ¼ 1.27. The carp culture system is the most nitrogen-intensive aquaculture system.
The carp production in India of 4.221 million Mg 
Sustainability of different production systems
In the present study, the sustainability index of the four culture systems is as follows.
1. Scampi culture (organically managed):
2. Scampi culture (organic plus inorganically managed):
3. Shrimp culture (organic plus inorganically managed):
4. Polyculture (Indian major carp plus scampi) (organically managed): 
The C use efficiency differs among different culture systems. On the basis of output:input ratio, the carp (three species of Indian major carp) culture is more sustainable followed by polyculture (carp with scampi), scampi and shrimp culture, respectively. In view of the HCC of major inputs, sustainable management of agricultural ecosystems implies that an output:input ratio, expressed either as gross or net output of C, must be >1 and has an increasing trend over time (Lal c) . Accordingly, in the present study, the output:input ratio is more than 1 which implies that carp culture and poly- 
CONCLUSIONS
The data presented support the following conclusions:
